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the	findings	from	commercial	fisheries	studies.	Accordingly,	intensive	
and/or	size-	selective	recreational	fishing	leads	to	increased	reproduc-





angling	 has	 revealed	 genetically	 based	 changes	 in	 behavioral	 traits	

















2012;	Andersen,	Marty,	&	Arlinghaus,	 in	 press;	 Enberg	 et	al.,	 2012;	
Uusi-	Heikkilä	 et	al.,	 2008),	 few	 experimental	 studies	 on	 this	 topic	
exist	so	far.	The	majority	of	these	support	the	assumption	of	positive	




Niemelä,	 &	 Vainikka,	 2015;	 Härkönen,	 Hyvärinen,	 Paappanen,	 &	
Vainikka,	 2014;	Klefoth,	 Skov,	Krause,	&	Arlinghaus,	 2012;	Monk	&	
Arlinghaus,	2017a;	Sutter	et	al.,	2012;	Wilson,	Brownscombe,	Sullivan,	
Jain-	Schlaepfer,	&	Cooke,	2015).	Following	the	timidity	syndrome	hy-




size)	 and	 managerial	 reasons	 (size-	based	 harvest	 limits)	 (Lewin,	

















size	 or	 correlates	 of	 body	 size	 (e.g.,	 age	 and	 size	 at	maturation)	 are	
larger	 than	natural	selection	pressures	acting	 in	potentially	opposite	
directions	 (Carlson	 et	al.,	 2007;	 Edeline	 et	al.,	 2007;	 Enberg	 et	al.,	
2012).	However,	any	observed	changes	in	adult	growth	rate	can	also	
be	 a	 consequence	 of	 altered	maturation	 schedules	 or	 increased	 re-
productive	 investment,	without	necessarily	 involving	changes	 in	 the	
general	growth	capacity	of	the	organism	(Alós,	Palmer,	Catalan,	et	al.,	
2014;	 Enberg	 et	al.,	 2012;	 Heino	 et	al.,	 2008;	 Uusi-	Heikkilä	 et	al.,	
2015).	Obviously,	 changes	 in	 adult	 growth	 rate	may	also	be	 caused	
by	 fisheries-	induced	 evolution	 of	 juvenile	 growth	 rate.	 Because	 no	
energy	 is	 channelized	 into	 gonad	 tissue	 in	 juveniles,	 their	 growth	
rate	constitutes	a	clean	measure	of	growth	capacity	 in	fishes,	and	 it	
is	possible	that	 juvenile	growth	rate	either	decreases	or	 increases	 in	
response	to	fishing	mortality	depending	on	the	intensity	of	selection	
(i.e.,	mortality),	 the	degree	of	 size	 selection,	 and	 the	opportunity	 to	
reap	fitness	benefits	late	in	life	(Enberg	et	al.,	2012;	Matsumura	et	al.,	
2011).	Using	 experimentally	 fished	 crayfish	 (Cherax destructor),	 Biro	
and	Sampson	 (2015)	 showed	 that	 trapping	 selectively	captured	 fast	
growing	juvenile	crayfish	and	that	fast	growth	was	strongly	correlated	








In	 addition	 to	 behavior	 and	 potentially	 life	 history,	 morphologi-
cal	variables	 can	 also	 affect	 the	 likelihood	of	 capture	 and	 therefore	
contribute	to	the	selective	properties	of	recreational	fishing.	Beyond	
the	 obvious	 size-	selectivity	 mentioned	 before,	 Alós,	 Palmer,	 Linde-	
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to	 angling.	 We	 hypothesized	 that	 resource-	acquisition-	related	 be-
haviors	 constitute	 key	 traits	 under	 selection	 in	 passively	 operating	
angling	 fisheries	 for	 carp	 (Arlinghaus	 et	al.,	 2017).	 Accounting	 for	 
boldness	should	thereby	capture	a	relevant	portion	of	direct	selection	
acting	on	body	size	or	growth	rate.
2  | MATERIAL AND METHODS
We	performed	a	pond	experiment	designed	to	quantify	the	capture	






release	 in	 three	 replicated	 semi-	natural	 ponds	 in	 a	 group	 context.	
Just	before	release,	standardized	pictures	of	the	fish	were	taken	for	







All	 carp	 were	 raised	 in	 a	 commercial	 fish	 hatchery	 (Fischzucht	
Wegert,	Ostercappeln,	Germany,	 52°19′52′′N,	 8°14′48′′E)	 in	 the	
same	 common-	garden	 pond	 environment.	 About	 40	 phenotypi-
cally	 scaled	 parental	 carp	were	 stocked	 into	 a	monoculture	 pond	
in	 spring.	 Spawning	 and	 breeding	 occurred	 naturally.	 The	 emerg-








of	 Freshwater	 Ecology	 and	 Inland	 Fisheries	 in	 Berlin,	 Germany.	
There,	 fish	 were	 initially	 kept	 in	 indoor	 tanks	 (1	m	×	1	m	×	1	m,	
5	 fish	 per	 1,00l)	 fed	 with	 tap	 water	 (mean	 temperature	±	SD 
18	±	1.5°C,	exchange	rate	once	per	day)	 for	5	weeks	until	experi-
ments	started.	During	this	holding	period,	about	1%	of	the	fish	died.	








2.2 | Assessment of personality, morphology, and 













for	 total	 length	 (TL,	 to	 the	nearest	 1	mm),	weight	 to	 the	nearest	 g,	
and	 standardized	 pictures	were	 taken	 from	both	 sides	 of	 the	 fish’s	











continuously	 supplied	with	 unfiltered	 lake	water	 (about	 1	L/s)	 from	
the	nearby	Müggelsee	in	Berlin	(52°26′57′′N,	13°38′59′′E),	which	is	
a	large	(800	ha)	natural	lake.	The	bottom	of	the	ponds	consisted	of	a	
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structure	(rectangular	area	of	the	pond	[2	m	×	5	m])	made	out	of	black	
plastic,	and	two	open	feeding	spots	(0.5	m	diameter)	in	different	dis-
tances	 to	 the	 shelter	were	 installed	 (see	Figure	1	 and	Klefoth	et	al.,	


























term	 vulnerability)	 after	 the	 initial	 six-	day	 observation	 period.	 Carp	









pected	 under	 real	 angling	 conditions.	 Further,	 benthic	 invertebrates	
were	 available	 as	 alternative	 food	 for	 the	 fish,	 thus	 individual	 carp	
were	able	to	choose	to	forage	on	either	artificial	and/or	natural	food	
items.	To	further	assure	comparable	ability	of	all	fishes	to	access	the	
















The	 mean	 water	 temperature	±	SD	 in	 the	 ponds	 during	 undis-
turbed	 behavioral	 observations	 and	 the	 first	 7	days	 of	 angling	was	
19.0	±	0.5°C	 (range:	 17.0–20.2°C).	 Mean	 water	 temperature	±	SD 
during	angling	days	8–20	dropped	and	was	14.9	±	0.9°C	(range:	13.9–
17.0°C).	 The	 temperature	 was	 13.3	±	1.3°C	 (range:	 11.2–16.2°C)	
during	the	subsequent	feeding	period	without	angling.














Using	 the	 raw	PIT	 detection	 data,	 three	 boldness-	related	measures	









of	 angling),	 separately.	 For	 subsequent	 analyses	 of	 angling-	induced	
selection	 on	 behavior,	mean	 values	 for	 each	 of	 the	 three	 boldness	
measures	per	 individual	 fish	during	the	 first	week	of	pond	behavior	
undisrupted	 by	 angling	were	 estimated.	 A	 correlation	matrix	 for	 all	






vulnerability	 using	 a	 landmark-	based	 assessment	 approach	 (Rohlf	&	
Marcus,	1993).	To	that	end,	we	digitized	a	total	of	16	landmarks	on	
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the	left	side	of	each	specimen	using	the	tpsDig2	software	(http://life.
bio.sunysb.edu/morph)	 (Appendix	 S1).	 The	 landmarks	 were	 as	 fol-
lows:	 (i)	 tip	of	 the	upper	 jaw,	 (ii)	 posterior	 corner	of	 the	upper	 jaw,	
(iii)	 corner	 of	 the	 insertion	 of	 the	 pectoral	 fin,	 (iv)	 insertion	 of	 the	
pelvic	 fin,	 (v)	 anterior	 insertion	 of	 the	 anal	 fin,	 (vi)	 posterior	 inser-






of	 operculum	 (Appendix	 S1).	 Raw	 co-	ordinates	were	 superimposed	
using	general	Procrustes	superimposition	 in	software	MorphoJ	1.03	
(Klingenberg,	 2011).	 To	 eliminate	 potential	 effects	 of	 dorsoventral	




low	 bending	 of	 the	 photographed	 fish.	 Arching-	free	 shape	 descrip-
tors	were	 then	 used	 for	 subsequent	 analyses.	 Principal	 component	
analyses	 (PCA)	 of	 Procrustes	 shape	 co-	ordinates	 were	 performed	
separately	 using	MorphoJ.	 To	 further	 investigate	 potential	 impacts	
of	 the	 head	morphology	 on	 angling	 vulnerability	 (Alós,	 Palmer,	 and	
Linde-	Medina,	2014),	landmarks	1,	2,	12,	13,	15,	and	16	were	sepa-
rately	analyzed	(Appendix	S1).	We	used	data	from	the	resulting	first	




















2.3.4 | Mean standardized selection gradients (βμ) 






mental	 angling	were	 not	 considered	 further.	We	 used	 a	 nested	 lo-
gistic	 regression	 approach	 considering	 individual	 fish	 nested	within	


















ceived	as	particularly	 risky	by	 the	 fish	as	shown	 in	previous	experi-
ments	(Klefoth	et	al.,	2012).	Our	starting	model	was:
logit(s) = α0 + α1	×	BP + α2	×	TL + α3	×	G + α4	×	S + α5	×	SH +  












on	their	 relevance	to	explain	carp	survival	 fitness	 in	our	experiment	
rather	 than	 testing	 all	 possible	 combinations	 of	 predictor	 variables	
(Burnham	&	Anderson,	1998;	see	also	Olsen,	Heupel,	Simpfendorfer,	
&	Moland,	2012	for	a	similar	approach	 in	a	comparable	field	study).	
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models	were	transformed	to	their	linear	equivalents	following	Janzen	
and	 Stern	 (1998).	 The	 resulting	 unstandardized	 selection	 gradients	
represented	 the	 SD-	standardized	 selection	 gradients	 because	 traits	
were	initially	standardized	to	a	mean	of	zero	and	a	SD	of	1	(Matsumura	
et	al.,	 2012).	To	 estimate	βμ	 as	 unitless	measures	 of	 strength	 of	 se-
lection,	selection	gradients	were	multiplied	by	the	original	mean	and	














3.1 | Personality of individual carp assessed in 
groups in ponds





and	 significant,	 ranging	 between	 r = .53 and r	=	.74,	 with	 significant	
underlying	F-	statistics	and	Spearman	correlations	in	all	cases	(Table	2).
3.2 | Angling vulnerability
During	 the	 first	 7	days	 of	 angling,	 38	 of	 94	 individuals	 were	 cap-







The	 captured	 individuals	 were	 on	 average	 larger,	 grew	 faster,	
and	 behaved	more	 boldly	 compared	 to	 their	 uncaught	 conspecifics	




which	was	 similarly	 supported	by	AICc	weights	 (Table	4).	 For	exam-





two	and	one	cases,	 respectively)	 to	best	explain	 fitness	 in	 the	carp	
TABLE  1 Correlation	matrix	of	z-	standardized	variables	involved	
in	the	pond	experiment
Trait BP TL G SB SH SP
BP 1 0.100 0.310 −0.248 −0.148 −0.521
TL 1 0.047 0 0 −0.024
G 1 −0.129 −0.133 −0.191
SB 1 −0.164 0.090
SH 1 0.037
SP 1






Rank- order consistency Repeatability
Variable N Spearman r p F p r
Close	feeding	
spot
94 .789 <.001 2.322 <.001 .58
Distant	
feeding	spot
94 .746 <.001 2.101 <.001 .53
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fishery	(Tables	4,5;	Figure	2;	Appendix	S1).	Note	that	in	the	long-	term	
fishery,	 the	 size	of	 the	 fish	 (TL)	was	no	 longer	 present	 in	 the	best-	
supported	models.
Mean	 standardized	 selection	 gradients	 allowed	 direct	 compari-
sons	of	the	strength	and	direction	of	angling-	induced	selection	acting	
on	each	of	the	traits	included	in	the	best-	supported	survival	models.	
During	 the	 short-	term	 angling	 fishery	 (7	days),	 the	 size	 of	 the	 carp	
(with	large	fish	being	more	likely	to	be	captured)	was	more	than	seven	
times	more	strongly	under	selection	than	boldness-	related	behavioral	
traits	within	ponds,	with	bold	 fish	being	more	 likely	 to	be	 captured	






Here,	TL	 of	 the	 fish	 no	 longer	 explained	 the	 survival	 of	 carp	 in	 the	










Model no. Model structure #P AICc wi(AICc)
Short-	term	angling	(7	days)
1 BP	+	TL	+	G	+	SB	+	SH	+	SP	+	BP²	+	G² 9 130.1 0.055
2 BP	+	TL	+	SB	+	SH	+	G	+	SP	+	G² 8 130.4 0.047
3 BP	+	TL	+	SB	+	SH	+	SP	+	G 7 129.6 0.071
4 BP	+	TL	+	SB	+	SH	+	G 6 128.0 0.157
5 BP	+	TL	+	SB	+	G 5 128.3 0.135
6 BP	+	TL	+	G 4 126.3 0.368
7 TL	+	G 3 129.2 0.086
8 G 2 130.5 0.045
9 NULL 1 131.0 0.035
Long-	term	angling	(20	days)
1 BP	+	TL	+	SB	+	SH	+	G	+	SP	+	BP²	+	G² 9 130.0 0.004
2 BP	+	TL	+	SB	+	SH	+	G	+	SP	+	G² 8 127.4 0.015
3 BP	+	TL	+	SB	+	SH	+	G	+	SP 7 125.6 0.038
4 BP	+	TL	+	SB	+	SH	+	G 6 123.8 0.092
5 BP	+	SB	+	SH	+	G 5 121.6 0.279
6 BP	+	SB	+	G 4 121.2 0.341
7 BP	+	G 3 122.0 0.228
8 G 2 131.3 0.002





















−0.518 0.24 .029 −0.437 .17
Total	length	(TL) −0.373 0.23 .105 −3.422




−0.768 0.24 .004 −0.655 .30
Body	shape	(S) 0.343 0.25 .169 −0.08	×	10−6
Head	shape	(SH) −0.340 0.25 .168 −9.77	×	10−7
Growth	(G) −0.699 0.26 .007 −0.424
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selection	 acted	 directly	 and	 most	 strongly	 on	 resource	 acquisition-	
related	behavior	and	only	 secondarily	on	 juvenile	growth	 rate.	Only	
negligible	selection	pressures	were	found	to	act	on	body	shape	 (SB)	
and	 size	 of	 the	 head	 and	mouth	 (SH)	 (Table	5;	Appendix	 S1),	 and	 a	

























of	behavioral	 selection	 in	 comparison	with	other	morphological	 and	
life	history	traits	under	semi-	natural	conditions	in	free-	ranging	fishes.	
Our	work	supports	 recent	 field	 studies	who	also	 revealed	 that	 total	
length	was	 irrelevant	 in	 terms	of	contribution	 to	 individual	variation	
in	vulnerability	to	angling	in	a	small-	bodied	coastal	fish	species	(Alós	
et	al.,	2016)	and	also	in	common	carp	under	natural	conditions	(Monk	
&	 Arlinghaus,	 2017b).	 Similar	 to	 our	 case,	 Alós	 et	al.	 (2016)	 found	
selection	to	directly	operate	on	home	range	and	the	intensity	of	ex-
ploring	 the	 home	 range,	whereas	Monk	 and	Arlinghaus	 (2017b)	 did	
not	detect	any	behavioral,	morphological,	or	physiological	predictors	
of	individual	vulnerability	to	angling	of	carp	under	natural	conditions	









4.1 | Selection on behavior and life history
We	showed	that	boldness	in	ponds	is	a	dominant	trait	under	selec-
tion	in	passive	angling	fisheries	for	carp.	These	results	are	in	contrast	
to	 the	 findings	 of	Monk	 and	 Arlinghaus	 (2017b)	who	 did	 not	 find	
any	correlation	between	repeatable	large-	scale	spatial	or	behavioral	
metrics	 such	 as	 activity	 space	 size,	 swimming	 distance,	 time	 spent	
within	sublittoral,	distance	to	the	lake	bottom,	time	at	feeding	sites,	
and	 switches	 between	 feeding	 sites	 and	 individual	 vulnerability	 to	
angling	of	common	carp	within	a	natural	lake.	By	contrast,	we	found	
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for	individual	vulnerability	of	carp.	Such	behavior	can	be	interpreted	
both	as	boldness	 (as	 the	 carp	 are	 able	 to	 sense	 the	 increasing	 risk	
of	angling	on	 feeding	spots,	Klefoth	et	al.,	2012)	and	as	a	measure	




timid	 (hence	 the	 timidity	 syndrome,	Arlinghaus	 et	al.,	 2017)	 as	 ob-
served	 in	 field	 studies	 of	 intensively	 exploited	 coastal	 fishes	 (Alós,	
Palmer,	Trias,	et	al.,	2015;	Alós	et	al.,	2016),	largemouth	bass	within	
and	outside	protected	areas	(Twardek	et	al.,	2017),	and	in	a	Japanese	
freshwater	 salmonid	 (Tsuboi	 et	al.,	 2016).	 However,	 in	 our	 study	
























prey	 capture	 success	 rates	 (Nannini,	Wahl,	 Philipp,	 &	Cooke,	 2011).	
Growth	rate	also	likely	integrated	the	independent	effects	of	unmea-
sured	 physiological	 and	 behavioral	 traits.	 For	 example,	 links	 among	
behavior,	 learning	 ability	 (DePasquale,	 Wagner,	 Archard,	 Ferguson,	
&	Braithwaite,	2014;	Kotrschal	et	al.,	2014;	Trompf	&	Brown,	2014),	
and	metabolic	rate	(Biro	&	Stamps,	2010)	have	been	reported	in	other	
studies	 (Hessenauer,	 Vokoun,	 Davis,	 Jacobs,	 &	 O′Donnell,	 2016;	
Hessenauer	et	al.,	2015),	which	may	all	 affect	growth	 rate	 (Redpath,	
Cooke,	Arlinghaus,	Wahl,	&	Philipp,	2009;	Redpath	et	al.,	2010).	In	line	
with	 Biro	 and	 Sampson	 (2015),	we	 thus	 tentatively	 conclude	 that	 a	
sizable	fraction	of	the	remaining	“direct”	selection	on	juvenile	growth	
rate	can	be	explained	by	variation	in	unmeasured	energy-	acquisition-	
related	 behaviors	 (Enberg	 et	al.,	 2012),	 for	 example,	 individual	 vari-
ation	 in	 intensity	of	 ingesting	baited	hooks	and	freely	available	baits	
(Gutmann	Roberts,	Bašić,	Amat	Trigo,	&	Britton,	 2017).	 Previous	 re-
search	in	carp	has	indeed	revealed	that	there	is	consistent	individual	
variation	in	ingestion	rates	of	seeds	embedded	in	pellets	(Pollux,	2017).




Tinca tinca)	 stocks	should	host	 individuals	 that	grow	 less	when	adult,	
in	line	with	empirical	evidence	in	salmonids	(Saura	et	al.,	2010),	esoc-












and	 large	 size	might	easily	overrule	any	angling-	induced	negative	 se-





If	 this	 is	 the	 case,	 the	 selection	 gradient	 on	boldness	 should	 remain,	
and	the	evolution	of	timidity	without	a	necessary	change	in	growth	is	
a	possible	outcome	(Andersen	et	al.,	 in	press;	Arlinghaus	et	al.,	2017).	
In	 fact,	 it	 is	well	possible	that	both	fisheries	and	natural	selection	fa-



















speeds	 (Stamps,	 2007),	 have	 larger	 gape	 sizes,	 are	 often	 dominant	
(Jenkins,	1969),	often	have	larger	home	ranges	(Nash,	Welsh,	Graham,	
&	Bellwood,	2015),	and	are	characterized	by	larger	absolute	consump-
tive	 demands	 compared	 to	 smaller	 fish	 (Clarke	 &	 Johnston,	 1999;	
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2008).	 Indeed,	Rapp	et	al.	 (2008)	 found	evidence	 that	 smaller	hooks	
















and	 thus	 can	 only	 be	 generalized	 to	 natural	 populations	 of	 carp	 or	




the	 parental	 fish	were	 held	 under	 near-	natural	 pond	 conditions	 for	












common-	garden	 carp	 showing	 clear	 differences	 in	 boldness	 at	 the	










that	we	 used	 a	 representative	 subsample	 of	 nature-	like	 raised	 fish.	
Thus,	we	were	able	to	avoid	preselection	based	on	trait	selective	cap-















tive	 strength	 of	 simultaneously	 acting	 natural	 and	 harvest	 selection	
(Edeline	 et	al.,	 2007).	 Under	 natural	 conditions	 in	 repeat	 spawners,	
large	body	size	often	maximizes	lifetime	fitness	(Alós,	Palmer,	Catalan,	
et	al.,	2014;	Olsen	&	Moland,	2011;	Roff,	1984),	but	there	is	an	optimal	
growth	 rate	 to	 be	 expected	 given	 the	unavoidable	 growth-	mortality	
trade-	off	(Stamps,	2007).	Because	in	omnivorous	fishes	like	carp	fast	
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